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ABSTRACT 


INTRODUCTION 


Variations  in  the  diffusible 
hydrogen  concentration  of  cadmium  plated 
AISI  4340  and  300M  steels  due  to  baking 
and  stress  are  reported.  Long  baking 
times  of  greater  than  100  hours  at 
190  C  are  needed  to  remove  all  the  hydro¬ 
gen  from  bright  cadmium  plated  speci¬ 
mens,  and  around  40  hours  for  dull 
cadmium  plated  ones.  Very  short  baking 
not  only  does  not  remove  hydrogen,  but 
actually  pumps  it  in.  Baking  for  96 
hours  is  insufficient  to  remove  hydrogen 
embrittlement  from  sharp,  double  notched 
300M  tensile  specimens  having  a  notched 
tensile  strength  of  1800  MPa.  It  is 
shown  that  there  is  no  difference  in  the 
hydrogen  concentration  whether  balking 
immediately  follows  plating  or  there  is 
3  delay-  Also,  the  hydrogen  concentra¬ 
tion  does  not  change  with  time  for 
cadmium  plated  specimens  standing  for 
one  month  at  room  temperature.  Stress¬ 
ing,  on  tne  other  hand,  causes  an 
increase  in  the  hydrogen,  presumably 
by  allowing  it  to  enter  from  the  plate 
due  to  lattice  deformation. 


Electrodeposited  cadmium  is  widely 
used  as  a  sacrificial  coating  to  pro¬ 
tect  low  alloy,  high  strength  steels 
from  corrosion,  especially  in  marine 
environments.^  It  is  generally  recog¬ 
nized,  however,  that  hydrogen  produced 
during  this  plating  can  diffuse  to  areas 
of  high  stress  causing  embrittlement 
and  possibly  leading  to  catastrophic 
failure  of  a  structural  part,  such  as 
an  aircraft  landing  gear.^  Because 
of  this,  plated  parts  are  baked  to 
lower  the  hydrogen  concentration  and 
thus  reduce  the  possibility  of  failure. 


Specifications  for  baking  are 
often  ill-defined,  sometimes  calling 
for  as  little  as  1-5  hours  at  a  wide 
range  of  temperatures  or  stating  that 
t.he  time  and  temperature  should  be 
determined  ^or  the  material  and  in¬ 
tended  use.^  Thus,  in  the  aircraft 
industry,  cadmium  plated  parts  are 
baked  for  24  hours  at  375  F  ( 190  C )  for 
the  highest  strength  steels.  This  has 
been  shown  to  be  insufficient  to  elim¬ 
inate  embrittlement  from  a  part. 
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especially  when  It  is  covered  with  a 
bright  cadmium  place  electrodeposlted 
from  conventional  cyanide  baths. ^*5 

Common  practice  and  specifications 
are  usually  to  "bake  as  soon  as  pos¬ 
sible  after  plating."^  This  is  done 
to  prevent  cracking  due  to  residual 
stresses.  Also,  it  is  often  assumed 
that  early  baking  is  necessary 
because  the  hydrogen  is  more  easily 
removed  at  this  stage.  Baking  immedi¬ 
ately  may  be  good  housekeeping  as  it 
assures  continuity  of  the  procedure  so 
that  the  baking  la  not  omitted;  how¬ 
ever,  whether  or  not  there  is  any 
benefit  from  a  hydrogen  viewpoint  has 
not  been  established. 

because  of  the  difficulties  with 
hydrogen  embrittlement  when  using 
bright  cadmium,  low  embrittlement 
plating  baths  are  often  used.  These 
produce  duller,  more  porous  plates 
which  lose  hydrogen  more  easily.  The 
dull  cadmium  is  not  as  attractive  or 
protective  as  the  bright,  however. 
Therefore,  the  latter  is  still  pre¬ 
ferred  for  many  uses. 

Traditionally,  mechanical  testing 
has  been  the  only  way  to  determine  the 
effectiveness  of  the  baking  procedure. 
Since  the  development  of  the  barnacle 
electrode  method," however,  it  is 
now  possible  to  measure  diffusible 
1 emorittling)  hydrogen  and  thus  to 
monitor  baking  efficiencies.  The 
tarnacle  electrode  technique  is  based 
on  the  electrochemical  hydrogen  per¬ 
meation  method.  If  hydrogen  is  in  a 
part  which  is  made  the  anode  in  an 
electrochemical  ceil,  the  hydrogen  is 
oxidized  as  it  diffuses  to  the  surface. 
The  oxidation  current  can  then  be  re¬ 
lated  to  the  hydrogen  content  of  the 
part.  Correlations  with  mechanical 
testing  are,  of  course,  still  neces¬ 
sary  to  determine  safe  levels  of  hydro¬ 
gen  for  the  material  and  use. 

Stressing  produces  a  lattice  ex¬ 
pansion  wnich  causes  hydrogen  to  move 
along  the  stress  gradient  and,  over  a 
period  of  time,  to  ouild  up  to  nign 
levels.  Because  or  this  time  depend¬ 
ence.  measurement  of  the  time  to 
failure  on  a  sustained  ; constant)  load 
test  is  used  to  credict  suscepticilitv 


of  a  material  to  hydrogen  embrittlement. 
It  is  therefore  important  that  methods 
are  found  to  correlate  the  diffusible 
hydrogen  content  and  susceptibility  to 
embrittlement,  especially  of  cadmium 
plated  high  strength  steels.  Hence, 
the  present  work  to  study  the  effects 
of  baking  and  stress  on  the  hydrogen 
concentration  and  delayed  failure  was 
undertaken. 

In  recent  years,  statistical 
methods  have  been  used,  not  only  in 
analyzing  experimental  data  but,  as 
importantly,  in  designing  the  experi¬ 
ment  so  as  to  get  the  most  information 
from  the  least  number  of  specimens.®*' 
Due  to  the  complexity  of  the  plating/ 
baking  procedures,  statistical  design 
concepts  were  therefore  used  here. 

SXP5RI.MENTAL 

Materials 

The  specimens  used  in  the  screen¬ 
ing  experiments  were  38  mm  square, 

1.0  mm  thick  pieces  of  AISI  ^3*0  steel 
heat  treated  to  260-280  ksi  ( 1800-1900 
MPa)  strength  level.  The  remainder  of 
the  studies  were  conducted  with  300M 
steel  heat  created  to  280-3C0  ksi 
(1900-2100  MPa)  strength  level.  The 
double  notched  300M  tensile  specimens 
were  6  in.  long  and  0.063  in.  thick 
(150  and  1.60  mm),  and  had  a  geometri¬ 
cal  stress  concentration  factor,  k,., 
of  5.6.  The  notched  tensile  strength 
(NTS)  was  260  ksi  (1800  MPa).  The 
300M  coupons  were  75  x  35  mm,  either 
2.0  or  6.0  mm  thick.  All  specimens 
were  finished  by  surface  grinding. 

Procedures 

The  bright  cadmium  electroplate 
was  applied  from  a  cyanide  bacn,  con¬ 
taining  brighteners,  at  a  current 
density  of  25  A/ft^  (25  mA/cm^);  the 
dull  from  a  cyanide  bath,  containing 
carbonate,  at  a  current  density  of 
5C  A/ft“  (60  mA/cm~'.  All  plates  were 
0.0005  in.  : 15  um)  thick,  and  ail 
specimens  were  oaked  at  37=  7  1^0  0(. 

The  cadmium  was  removed  for  hydrogen 
measurements  using  ammonium  nitrate 
solution,  followed  by  lignt  acrading 
with  Scotc.hDrite. 
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All  hydrogen  measurements  were 
made  using  the  barnacle  electrode 
method.  Details  of  the  equipment  and 
procedures  are  given  elsewhere. 5  The 
30-minute  extraction  current  densities 
were  used  to  give  the  relative  diffu¬ 
sible  hydrogen  concentrations.  Measure¬ 
ments  on  stressed  specimens  were  made 
as  soon  as  possible  after  failure,  at 
least  25  mm  away  from  the  fracture 
surface. 

The  tensile  specimens  were  loaded 
in  constant  load  stress  rupture  ma¬ 
chines  for  the  time  to  failure 
determinations. 

In  all  experiments,  randomness  was 
used  where  necessary,  such  as  in  the 
plating  bath,  oven  and  loading  frames 
to  ensure  statistical  reliability. 

Statistical  Experimental  Design 

Screening  experiments  were  run  to 
determine  the  effect  of  five  variables 
on  the  diffusible  hydrogen  concentra¬ 
tion  of  both  bright  and  dull  cadmium 
plated  43A0  steel  coupons.  The  12-run 
Plackett-Burman  experimental  design 
is  snown  in  Table  1.  Each  column  has 
the  limits  for  a  particular  variable 
given,  the  plus  or  minus  standing  for 
high/ low,  #l/#2,  etc.  Column  Y  is  for 
tne  response,  the  measured  hydrogen 
concentration.  The  variables  and  their 
limits  are  given  in  Table  2.  As  the 
choice  of  assigning  variables  to  col¬ 
umns  is  arbitrary, tne  five 
variables  were  assigned  to  the  first 
five  columns  of  Table  1.  This  auto¬ 
matically  defined  which  of  the  two 
levels  (e.g.,  baking  for  3  or  48  hours) 
was  to  be  used  for  each  specimen. 

Thus,  for  column  (Table  1),  trials 
specime.ns)  1,  2,  4,  5,  6  and  10  are 
ail  pluses  which  means  plating  batch 
cne  (Table  2)  for  the  bright  cadmium 
experi.ment  and  batch  two  for  the  dull. 
Likewise,  specimens  2,  3,  S,  10  and 
11  were  baked  for  48  and  20  hours  for 
tne  bright  and  dull,  respectively. 

The  remaininc:  six  columns  Xu) 

nave  a  -'andcm  distribution  of  pluses 
ana  minuses  wnicn  were  used  to  deter¬ 
mine  tne  experimental  error. 

Statistical  Analysis 

The  effect  bf  each  variable  was 


determined  by  comparing  the  hydrogen 
concentration  for  the  specimens  in 
which  that  variable  was  at  one  level 
to  those  at  the  other.  This  was  done 
by  adding  the  Y-values  for  all  the 
pluses  in  the  column,  subtracting  tne 
Y's  of  the  minuses,  and  dividing  by 
six  (the  number  of  pluses  or  minuses) 
to  get  the  factor  effect  for  the 
variable.  This  factor  effect  was  then 
compared  to  the  minimum  significant 
factor  effect,  [MIN],  to  determine 
its  statistical  significance. 

The  [MIN]  was  calculated  using 
the  unassigned  columns.  First,  the 
unassigned  factor  effect,  UFE,  for 
each  column  was  calculated  in  the 
same  way  as  above.  This  was  then 
used  to  determine  the  significant 
factor  effect,  Sp£,  which  is  an  esti¬ 
mate  of  the  experimental  error. 


where  q  is  the  number  of  degrees  of 
freedom  (the  number  of  unassigned 
columns).  Then 

[MIN]  s  fSp^  (21 

where  t  was  obtained  from  the  t-distri- 
bution  table®  using  q=6. 

To  determine  the  importance  of  the 
variables,  their  factor  effects  were 
then  compared  to  the  [MI.N].  If  the 
absolute  value  of  the  factor  effect  is 
larger  than  the  [MIN],  then  the 
variable  is  statistically  significant.® 

RESULTS  AND  DISCUSSION 
Screening  Experiments 

The  hydrogen  concentrations  for 
the  12  specimens,  as  measured  bv  rhr 
barnacle  electrode  method,  are  'ivon 
in  Table  3  for  both  the  bright  ana  lull 
cadmium  experiments;  also  given  is 
column  Xc  from  Table  1  and  a  sampie 
calculation  for  the  factor  effect  for 
baking.  The  averake  difference  in  the 
hydrogen  concentrations  for  the 
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specimens  baked  for  the  short  and  long 
times  was  calculated  by  taking  the 
absolute  difference  of  the  sums  and 
dividing  by  six.  Thus,  for  the  bright 
cadmium  experiment,  the  sum  for  speci¬ 
mens  2,  3,  3,  10  and  11  is  3.26;  for 

specimens  1,  5,  6,  7,  9  and  12  is  5.36. 
The  difference  is  2.10;  and  the  factor 
effect  is  0.35.  This  factor  effect  was 
then  compared  to  the  minimum  signifi¬ 
cant  factor  effect,  [MIN],  to  determine 
its  importance.  The  latter  is  given  in 
Table  4  for  both  the  90  and  95%  confi¬ 
dence  levels.  The  factor  effects  for 
the  five  variables  are  also  given  in 
Table  ■*.  One  can  see  that  for  the 
orignt  cadmium,  only  the  baking  time 
is  significant,  wnereas  with  the  dull 
tadmium,  the  batch  is  also  significant 
starred  values ■ .  The  reason  for  this 
is  probably  that  small  changes  in  con- 
tentracion  of  tr.e  bath  ingredients, 
especially  carbonate,  can  have  a  sig¬ 
nificant  effect  on  the  nature  of  the 
deposit  from  a  dull  cadmium  bath.  In 
this  experiment,  the  two  batches  were 
plated  one  week  apart.  In  the  case 
cf  the  oright  cadmium,  the  batch  could 
oecome  a  significant  factor  for  more 
extreme  changes  in  tne  plating  condi¬ 
tions.  In  all  subsequent  tests  in 
wnich  two  or  more  plating  oatc.hes  were 
ised,  tne  piati.ng  was  always  done  on 
tne  sane  day  py  the  same  tec.hnician. 
Also,  specimens  were  distributed  so  as 
to  eliminate  a  possible  catch  affect. 

The  factor  effects  for  the  other 
variaoles  were  shewn  to  Pe  statisti¬ 
cally  non-significant,  Taole  i.  Thus, 
caking  i.mmediately ,  or  a  day  after 
elating  will  not  affect  the  hydrogen 
concentration.  'This  does  not,  of 
course,  preclude  t.ne  possibility  that 
materials  under  stress  might  be  damaged 
if  PaKing  is  delayed.)  The  delay  in 
measuring  c.ne  nydrogen  also  was  found 
CO  oe  ncn-significant  up  to  690  hours 
aopreximately  one  month)  at  room 
tonoerature  and  moderate  nunidities. 
This  means  that  delayed  failure  testing 
-s  ciffusiole  nydregen  measurements  can 
ce  race  with  ccnfidence  coat  the  hydre- 
rer.  ccncentraticr.  will  no:  change  with 
ti.re.  It  alee  means  tnat  i.nterlaccra- 
ccry.  :r  ctner  testing,  invclvi.ng 
le.aved  '.ycrogen  measurements  tan  te 
cone  ,Ltn  nc  need  to  tocrcinata  tne 


long  times  at  very  high  humidities 
could  alter  these  conclusions. 

Because  of  the  concern  voiced  by 
many  plating  people  that  a  delay 
between  plating  and  baking  could  be 
important,  it  was  decided  to  run  a 
check  experiment  with  just  the  two 
variables;  the  baking  time  and  the 
delay  before  baking.  Bright  cadmium 
placed  specimens  were  baked  for  3  amd 
72  hours,  with  dealys  before  baking  of 
3  and  24  hours.  Duplicate  specimens 
were  run  for  the  four  combinations  of 
high  and  low  values  as  shown  in 
Table  5.  Also  given  in  Table  5  are 
the  diffusible  hydrogen  concentrations 
as  determined  by  the  barnacle  electrode 
method.  As  can  be  seen,  the  measure¬ 
ments  on  tne  specimens  oaked  for  the 
short  time  are  in  excellent  agreement, 
as  are  these  baked  for  the  long  time, 
regardless  of  the  delay  time;  i.a., 
trials  1  and  2  agree  with  each  other, 
as  do  3  and  4.  It  cas  thus  been  shown, 
unequivocally,  that  there  is  no  effect 
on  tne  hydrogen  concentration  wnether 
or  not  the  baking  is  done  "as  soon  as 
possible”  after  plating. 

Effect  of  Baking 

As  we  have  seen,  baking  (and  to 
some  extent,  the  plating  batch;  is  the 
only  variable  which  was  found  to  affect 
the  final  dif.^usible  h'/d.-ogen  concen¬ 
tration.  The  effect  of  baking  time  on 
the  removal  of  hydrogen  from  cadmium 
plated  4340  steel  is  illustrated  in 
Figure  I.  The  curve  for  the  dull 
cadmium  plated  specimens  is  c.he  best 
fit  for  the  12  points  from  the  five- 
variable  screening  experiment;  that 
for  the  Pright  tadmium  plated  is  from 
the  two-variable  experiment.  For  the 
latter,  data  from  an  intermediate 
taking  time  of  37.5  hours  not  snown  in 
Tacie  5'  was  also  used.  Fxtrapclaticns 
tf  the  turves  show  that  temoiete  take¬ 
out  would  te  ootained  at  times  well 
beyond  any  normal  taking  procecures. 

It  would  take  ever  LM  ncurs  for  sceci- 
mens  naving  tne  trighc  tacmiu.m  coating, 
and  even  •*0  ncurs  for  tne  cull.  The 
"no  nveroffen"  level  is  tne  measurement 
octained  with  plated  ana  strioced 
3ceci.mens  wnic.n  were  allowed  to  iegas 
in  a  desiccator.  The  very  low  concen- 
tratic.ns  cf  hvdrcien  measured  fer  :ne 
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longer  baking  times  are  much  too  small 
to  be  calculated  quantitatively,  but 
are  well  under  0.1  ppm.^ 


Effect  of  Stress 


Mext,  constant  load  experiments 
were  run  with  300M  steel  tensile  speci¬ 
mens.  Because  the  screening  experi¬ 
ment  showed  that  the  hydrogen 
concentration  does  not  change  over  a 
month,  it  was  thought  that  the  hydro¬ 
gen  could  be  measured  on  the  failed 
specimens,  and  that  this  would  give 
the  same  value  as  if  it  had  been 
measured  before  loading.  In  early 
trials,  however,  this  did  not  seem  to 
be  the  case.  There  was  some  indica¬ 
tion  that  the  hydrogen  concentration 
may  have  been  affected  by  the  stress¬ 
ing.  Even  though  it  is  well  known 
that  stressing  produces  diffusion  of 
hydrogen  to  regions  of  high  stress,  it 
is  not  apparent  that  the  bulk  hydrogen 
concentration  is  affected  to  any 
measurable  extent  upon  stressing. 
Therefore,  the  effect  of  stress  on  the 
hydrogen  concentration  was  investigated 
by  measuring  the  hydrogen  in  control 
(unstressed)  specimens  and  comparing 
it  to  that  in  stressed  and  failed  ones. 

A  preliminary  two-variable,  two- 
level,  constant  load  experiment  was 
conducted  to  determine  appropriate 
baking  times  and  loads  for  the  300M 
steel.  Duplicate  specimens  were  run 
for  each  bake/ load  condition.  The 
results  of  the  time  to  failure  tests 
are  given  in  Table  6.  The  failure 
times  were  generally  very  short,  with 
very  little  discrimination  in  times  for 
tne  different  bake/ load  conditions. 

Thus  ail  specimens  failed  within  seven 
hours  except  for  the  48  hr/25%  condi¬ 
tion.  The  expected  trend  is  obvious, 
however;  that  is,  the  shortest  times 
to  failure  are  at  the  lower  left 
snort  bake/high  load)  and  increase  for 
longer  taking  time  or  lower  load. 

Due  to  the  short  failure  times  in 
tne  creliminary  experiment,  longer 
caKir.g  times  were  selected  for  the 
mam  exoerim.ent  in  order  to  reduce 
tne  nydrogen  levels  and  extend  the 
times  to  failure.  Triplicate  speci¬ 
mens  were  run  for  each  cake/ load 
tcnoiticn.  The  results  of  this  exoeri- 


ment  are  given  in  Table  7.  Again  the 
trends  are  apparent.  Thus,  specimens 
baked  for  72  hours  and  stressed  at  75% 
MTS  failed  in  shorter  average  time  than 
those  in  the  96  hr/75%  condition,  and 
the  former  in  shorter  time  than  those 
stressed  at  25%  NTS.  Comparing 
Tables  6  and  7,  it  can  be  seen  that  the 
largest  spreads  in  times  to  failure  are 
with  the  lowest  stresses  (25%  NTS). 

This  can  be  explained  as  follows.  When 
stressing,  hydrogen  moves  from  the  bulk 
of  the  specimen  to  regions  of  high 
stress,  due  to  lattice  deformations.' 
When  loading  at  low  stress  levels, 
however,  these  lattice  deformations  are 
slight.  Therefore,  small  variations 
in  hydrogen  concentration,  or  metallur¬ 
gical  and  mechanical  factors  are  prob¬ 
ably  very  important  in  affecting  the 
life  of  the  specimen.  Contrast  this 
with  the  effects  for  the  96  hour  bake 
and  90%  load.  Here  the  lattice  de¬ 
formation  is  great,  thus  causing  the 
hydrogen  to  build  up  to  damaging  levels 
in  relatively  short  times,  even  though 
the  starting  hydrogen  concentration  was 
low  after  the  long  baking  time. 

To  determine  the  effect  of  stress 
on  the  hydrogen,  the  concentration  of 
diffusible  hydrogen  was  determined  on 
the  stressed  specimens  after  failure, 
as  well  as  on  the  unstressed  ones. 

The  results  are  given  in  Table  8. 
Looking  at  the  hydrogen  concentrations 
for  the  control  specimens.  Table  3,  it 
can  be  seen  that  over  100  hours  of 
baking  at  190  C  is  needed  to  remove 
all  the  diffusible  hydrogen.  This  is 
in  agreement  with  the  screening  experi¬ 
ments  using  4340  steel.  The  very  low 
level  of  hydrogen  after  baking  for 
96  hours  is  still  embrittling,  however, 
as  seen  in  Table  7.  It  should  be  noted 
that  the  background  current  density 
level  for  the  screening  experiment  is 
different  from  that  in  the  stressing 
experiment.  This  value  must  be  deter¬ 
mined  for  each  set  of  specimens,  as  it 
depends  on  both  the  material  and  the 
surface  finish. 

Comparisons  of  the  nydrogen  con¬ 
centrations  for  the  stressed  and  un¬ 
stressed  specimens  ' the  latter  ctmoined 
according  to  oaking  time  without  regard 
to  load) .  Table  3,  show  that  stressing 
does,  indeed,  affect  the  nydrogen 
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concentration.  For  all  baking  times, 
the  stressed  specimens  had  higher 
hydrogen  levels  than  the  controls. 
Further,  a  two-factor  computer  analysis 
of  variance  was  run  using  the  Statis¬ 
tical  Package  for  the  Social  Sciences 
(SPSS).^^  It  was  found  that  there  was 
a  significant  difference  in  the  hydro¬ 
gen  concentration  for  the  stressed 
versus  the  unstressed  specimens  at  the 
95%  confidence  level. 

One  would  normally  expect  a  loss  of 
hydrogen  through  the  fracture  surface 
during  cracking,  a  process  that  often 
cakes  several  hours  to  complete.  There¬ 
fore  the  increase  in  hydrogen  can  only 
be  explained  by  the  addition  from  a 
source,  such  as  from  the  cadmium  plate 
(or  possibly  from  traps  in  the  steel). 
SC."essing  causes  a  lattice  expansion 
in  both  the  steel  and  the  cadmium. 

The  nydrogen  in  Che  cadmium  could  then 
move  into  the  steel,  and  along  the 
stress  and  hydrogen  concentration 
gradients  to  the  notch  area,  giving 
ooth  Che  buildup  to  cause  failure,  and 
an  increase  in  the  bulk  hydrogen  con¬ 
centration. 

■ffact  of  Short  3aking 

Since  even  long  baking  times  (up 
to  56  hours)  were  shown  to  be  insuf¬ 
ficient  to  remove  hydrogen,  it  was 
aeclded  to  investigate  the  effect  of 
short  caking  as  specified,^  to  see  if 
there  was  any  benefit  at  all.  Rec¬ 
tangular  coupons  (76  x  38  mm)  of  300M 
steel  were  plated  with  bright  cadmium, 
and  baked  for  different  times.  Table  9 
gives  hydrogen  concentrations  for  6  mm 
thick  specimens  baked  for  times  up  to 
2^*  hours.  It  can  be  seen  that  there  is 
no  removal  of  hydrogen  in  these  times. 

In  fact,  there  is  seme  indication  that 
hydrogen  may  even  be  increased  during 
the  first  few  hours.  To  check  this 
cut,  a  second  experiment  was  run  using 
both  2  and  6  mm  thick  coupons.  The 
hverogen  concentrations  are  given  in 
Taole  12.  It  is  clear  that  baking  for 
cniy  an  hour  cr  two  causes  an  increase 
in  diffusible  nydrogen,  the  t^me 
tecencing  cn  the  thickness  cf  the  , , 
scecimen.  Tsing  t-test  talculaticns"*" 
tc  icmcare  t.ce  hydrogen  concentration 
:':r  the  ir.oaKed  speci.mens  against  those 
caked  fer  :ne  and  two  hours,  for  the 


2  mm  and  6  mm  thick  specimens,  respec¬ 
tively,  significant  differences  at  the 
95%  confidence  level  were  found.  Thus, 
it  has  been  shown  that  very  short 
baking  (1-5  hours)  does  not  remove  any 
hydrogen  and  may,  in  fact,  cause  an 
increase. 

CONCLUSIONS 

Several  experiments  were  run  to 
study  the  effects  of  baking  and  stress 
on  the  diffusible  hydrogen  concentra¬ 
tion  of  cadmium  plated  high  strength 
steels. 

Screening  experiments  were  per¬ 
formed  to  determine  the  statistical 
significance  of  various  parameters  on 
the  hydrogen  content  of  bright  and 
dull  cadmium  plated,  and  baked, 

43*0  steel.  It  was  shown  that  the 
baking  time  was  essentially  the  only 
significant  variable  influencing  the 
final  hydrogen  concentration  as  deter¬ 
mined  by  the  barnacle  electrode  met.hod. 
However,  variations  between  plating 
batc.hes  were  found  to  be  significant 
for  the  dull  cadmium  plated  material. 

A  delay  of  2*  hours  in  baking 
after  plating  had  no  effect  on  the 
final  hydrogen  concentration.  Also, 
the  hydrogen  concentration  was  not 
changed  if  the  plated  specimens  were 
held  for  a  month  at  relative  humidities 
up  to  50%  after  baking. 

It  was  found  that  the  hydrogen 
measurements  decreased  exponentially 
with  the  baking  time,  and  that  at  least 
100  hours  (at  190  O  were  needed  to 
bake  out  all  tne  detectable  hydrogen 
from  4340  and  300M  steel  specimens 
plated  with  0.015  mm  of  bright  cad¬ 
mium,  whereas  40  hours  were  required 
with  dull  cadmium. 

It  also  was  shown  that  baking  up 
to  24  hours  had  no  effect  on  removing 
hydrogen  from  aright  cadmium  plated 
material,  and  that  hydrogen  actually 
increased  during  the  first  few  hours 
bf  oaking. 

In  constant  load  axperiments,  it 
was  found  tnat  embrittlement  stil- 
existec  after  ^6  hours  of  oaking  it 
1?0  C  for  orignt  oaanium  olatec  jlK'* 
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steel  having  a  NTS  of  1800  MPa  and  a 
sharp  notch,  and  that  the  hydrogen 
content  of  the  steel  Increased  after 
stressing.  It  is  proposed  that  hydro¬ 
gen  enters  the  Case  metal  from  the 
plate  during  stressing.  Therefore,  the 
possibility  of  hydrogen  embrittlement 
of  very  high  strength  steels  plated 
with  bright  cadmium  is  always  present, 
given  the  right  combination  of  stress 
and  time, 
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TABLE  1  -  i2>Run  Placket t-Burman  Experlfflental  Design 


^0  ‘^1 


imits 


Variable 


Bright  Cadmium 


Dull  Cadmium 


Plating  batch  2 

Time  between  plating 

and  baKing,  h  i 

Baking  time,  h  3 

Time  between  baking 

and  measuring,  n  2 

»» 

Relative  humidity  .  "  C 


olumn  corresponds  to  Table  T. 

.  over  Cnerite;  25,  average  ambient; 


1 

1 

2 

zt- 

1 

3 

20 

590 

2 

590 

35 

0 

50 

=0.  ever  saturated  .Va_2r^C^. 
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TABLE  3  -  Hydrogen  Concentrations  and  Sample  Calculations  for  Plackett-Burman 

Screening  Experiments 


Trial 


•«  2 

Hydrogen  Concentration,  uA/cm 
Bright  Cadmium  Dull  Cadmium 


Sum  -t- 
Sum  - 

Difference 
Factor  Effect  (t  6) 

•  See  column  X-,  Table  1. 

**  Background  level,  0.22  uA/cm‘^ 

**•  Absolute  value. 


. AM.K  -  Factor  Effects  and  Minimum  Significant  Factor  Effects,  [MIN], 
for  the  Plackett-Burman  Experiments 


Variable 


Factor  Effect 

Bright  Cadmium  Dull  Cadmium 


Batch 

0.087 

0. 1^5 

Delay  before  baking 

.  127 

• 

.038 

X^  Baking  time 

.350 

.  172 

X.  Delay  after  baking 

.0^0 

.065 

X_  Humidity 

.077 

.005 

experimental  error) 

.  1 19 

.048 

[min]  95%  confidence  level. 

t=2.45 

.291 

.  1 18 

[min]  90%  confidence  level. 

t=i.9^ 

.230 

.093 

Significant  factor  affects 


9 


48 


Baking  Times,  h 
72 


96 


Hydrogen  Concentration,*  uA/cm 


Stress 


No.  Specimens 


Std.  Dev 


TABLE  9  -  The  Effect  of  Short  Baking  Times  on  the  Hydrogen  Concentration  of 

Cadmium  Plated  300M  Steel 


Baking  Time,  h 


Hydrogen  Concentration,  uA/cm 
Avg.  Std.  Dev. 


Baking  Time,  h 


Hydrogen  Concentration,  UA/cm^ 


M 


Z  mm  Thick 
Avg.  Std.  Dev. 


■3  mm  Thick 
Avg.  Std.  Dev. 


•AKIIM  TUN.  »M 


FIGURE  1  -  Efficiency  of  baking  treat 
ment  for  removal  of  hydrogen  from 
bright  and  dull  cadmium  plated  AISI 
43^0  steel.  Plating  thickness,  15  um 
Baked  at  190  C. 
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